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richness)	 and	have	more	extreme	 trait	 combinations	 (i.e.	 functional	divergence)	
than	communities	outside	or	bordering	TPAs.	We	also	tested	for	differences	 in	





inside	 TPAs	 had	 more	 extreme	 trait	 combinations	 than	 outside	 TPAs	 because	
abundant	 species	 in	 lake	 communities	 outside	 TPAs	 had	more	 ubiquitous	 trait	
combinations	than	abundant	fishes	inside	TPAs.
4.	 Small-bodied	species	showed	greater	functional	rarity	than	large-bodied	species,	
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1  | INTRODUC TION
Freshwater	ecosystems	provide	society	with	many	ecosystem	ser-
vices	 such	 as	 safe	 drinking	water,	 food,	 and	 places	 for	 recreation	
(Aylward	 et	 al.,	 2005);	 however,	 they	 are	 also	 among	 the	 most	
threatened	 on	 our	 planet	 (Carpenter,	 Stanley,	 &	 Vander	 Zanden,	
2011;	Dudgeon,	2014;	Dudgeon	et	al.,	2006;	Reid	et	al.,	2019),	risk-
ing	 the	delivery	of	 these	 services	 to	 society.	Examples	of	 the	dis-
turbances	 impacting	 freshwater	 ecosystems	 include	 physical	 and	






downstream	 systems	 (Jackson,	 Loewen,	Vinebrooke,	&	Chimimba,	




freshwater	 fish	 species	 went	 extinct	 (Burkhead,	 2012)	 and,	 in	











environmental	 protection	 (e.g.	Canada	Water	Act;	Government	 of	
Canada,	1985a),	fisheries	(e.g.	Fisheries	Act;	Government	of	Canada,	
1985b),	 and	 protection	 of	 species	 at	 risk	 of	 extinction	 (Species	 at	
Risk	Act;	Government	of	Canada,	2002).	Additionally,	terrestrial	pro-
tected	areas	(TPAs),	or	areas	where	the	land	and	water	are	protected	




2016)	 and	 their	 designation	 can	 lead	 to	 fewer	 anthropogenic	 dis-




Compared	 to	 terrestrial	 organisms,	 there	 have	 been	 relatively	
few	studies	investigating	the	degree	of	protection	TPAs	may	provide	
freshwater	 fishes.	 Chu,	 Ellis,	 and	 de	 Kerckhove	 (2018)	 recently	
demonstrated	no	statistically	significant	differences	in	species-level	
diversity	 (i.e.	 Shannon's	 index)	or	 catch-per-unit	effort	 (CPUE)	be-
tween	fish	communities	inside,	bordering,	or	outside	TPAs	in	Ontario,	
Canada.	However,	CPUE	and	species	diversity	were	generally	higher	
inside	 TPAs	 than	 outside.	 In	 addition,	 the	 normalised-length	 size-
spectra	 slopes,	 an	 indicator	 of	 predator–prey	 ratios	 and	 trophic-















(Strecker,	 Olden,	 Whittier,	 &	 Paukert,	 2011).	 Functional	 diversity	
metrics,	for	example,	relate	the	characteristics	of	individuals	or	spe-
cies	 to	the	structures	and	functions	of	ecosystems	and	have	been	
used	 to	 identify	mechanisms	 of	 biodiversity	 loss	 (Cardinale	 et	 al.,	
2012)	and	vulnerability	of	biotic	communities	to	future	disturbance	
(Lamothe,	 Alofs,	 Jackson,	 &	 Somers,	 2018;	Mouillot	 et	 al.,	 2014).	
Recent	 research	 suggests	 that	 although	 extinction	 rates	 for	 river-
ine	fishes	are	on	the	rise,	functional	diversity	at	the	river-basin	scale	
has	 increased	by	approximately	150%	because	of	the	 introduction	
of	 non-native	 species	 and	 their	 unique	 functional	 characteristics	
that	were	 historically	 absent,	 particularly	 in	 low-diversity	 systems	
(Toussaint	et	al.,	2018).
Few	 studies	 have	 explored	 the	 effectiveness	 of	 conservation	
programmes	 for	 protecting	 functional	 diversity	 and	 the	 relative	
degree	of	protection	that	TPAs	provide	to	freshwater	fish	species.	
Britton	et	al.	 (2017)	 found	 that	cichlid	communities	 in	water	adja-
cent	to	TPAs	had	more	herbivorous	and	specialist	species,	and	more	
similar	fish	assemblages	than	areas	farther	from	the	TPAs.	Similarly,	
Wilkinson,	 Yeo,	 Tan,	 Fikri,	 and	 Ewers	 (2018)	 found	 greater	 local	




paring	 community-level	 and	 species-specific	 functional	 diversity	
metrics	between	fish	communities	in	lakes	inside,	outside,	and	bor-
dering	TPAs.	We	expected	that	 functional	diversity	 (i.e.	 functional	
K E Y W O R D S
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dispersion	and	functional	richness)	may	be	more	sensitive	than	tax-










ha	with	approximately	250,000	 freshwater	 lakes	 (Lester,	Marshall,	
Armstrong,	 Dunlop,	 &	 Ritchie,	 2003).	 Four	 freshwater	 ecoregions	
are	represented	in	Ontario	(Figure	1;	St.	Lawrence,	Laurentian	Great	
Lakes,	 Southern	 Hudson	 Bay,	 and	 English-Winnipeg	 Lakes;	 Abell	
et	al.,	2008)	with	the	Laurentian	Great	Lakes	and	St	Lawrence	ecore-
gions	having	the	highest	freshwater	fish	species	richness	in	Canada	
(Chu,	 Minns,	 Lester,	 &	 Mandrak,	 2015).	 Fish	 species	 richness	 in	
Ontario	 lakes	 ranges	 from	113	 species	 in	 southern	 lakes	 to	 fewer	
than	 10	 species	 in	 northern	 lakes	 (OMNRF,	 2015).	 As	 with	 other	
north	 temperate	 regions	 of	 the	 world,	 species	 richness	 and	 pro-
ductivity	are	influenced	by	post-glacial	recolonisation,	climate,	lake	
morphometry,	and	water	chemistry	(Mandrak,	1995).	Anthropogenic	




cover	 approximately	 10%	 of	 the	 province	 (IUCN,	 UNEP-WCMC,	
2016).


















ther	 inside–outside,	 inside–border,	 or	 border–outside	 group,	 two	







Fishes	 were	 sampled	 using	 the	 Ontario	 Ministry	 of	 Natural	
Resources	and	Forestry's	Broad-scale	Monitoring	for	Inland	Lakes	
protocol,	 which	 outlines	 standardised	 methods	 for	 sampling	
fishes,	 invertebrates,	 water	 quality,	 and	 angler	 activities	 across	
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lakes	(Sandstrom,	Rawson,	&	Lester,	2011).	North	American	stand-
ard	 large-mesh	multi-panel	 gill	 nets	 and	Ontario	 standard	 small-
mesh	multi-panel	 gill	 nets	were	 used	 to	 catch	 large-bodied	 (e.g.	
Lake	Trout	Salvelinus namaycush	 Salmonidae	and	Walleye	Sander 
vitreus	 Percidae)	 and	 small-bodied	 fishes	 (e.g.	 Fathead	 Minnow	
Pimephales promelas	 Leuciscidae	 or	 juveniles	 of	 large-bodied	
species),	 respectively.	Gill	nets	were	set	 following	a	 randomised,	
depth-stratified	 design	 for	 approximately	 18-hr	 time	 intervals.	
Each	 sampled	 fish	 was	 identified	 to	 species,	 counted,	 and	 total	
lengths	were	measured.
2.3 | Functional trait space




2017;	 Lamothe,	 Alofs,	 et	 al.,	 2018)	 including	 components	 of	 the	
species’	 diet,	 modes	 of	 reproduction,	 substrate	 associations,	 and	
habitat–depth	relationships	(Table	1).	Diet	traits	were	sourced	from	
the	 literature	 and	 included	binary	 variables	 representing	 a	 prefer-
ence	 for	 algae,	 phytoplankton,	 or	 filamentous	 algae,	macrophytes	
and	 vascular	 plants,	 detritus,	 or	 unidentifiable	 vegetative	 matter,	
fish,	 crayfish,	 crabs,	 or	 frogs,	 and	 eggs	 of	 fish	 or	 other	 organisms	
(Frimpong	&	Angermeier,	2009;	Table	1).	Mode	of	reproduction	for	




substrate,	 clay	 or	 silt	 substrate,	 sand	 substrate,	 gravel	 substrate,	
cobble	substrate,	boulder	substrate,	and	bedrock	(Table	1).	Habitat–










to	combine	 traits	 from	within	each	of	 the	 four	 trait	 type	categories	
(diet,	 substrate,	 habitat,	 and	 reproduction—Table	 1)	 into	 respective	
trait	 dimensions	 (Lamothe,	 Alofs,	 et	 al.,	 2018).	 By	 combining	 the	
traits	 into	their	respective	trait	dimensions,	we	place	similar	weights	




&	 Somers,	 2003,	 2005)	 where	 we	 permuted	 each	 column	 of	 the	
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2.4 | Functional diversity metrics
We	 calculated	 three	 functional	 diversity	 metrics	 for	 each	 fish	
community:	 functional	 dispersion	 (Anderson,	 2006;	 Laliberté	 &	
Legendre,	 2010),	 functional	 richness	 (Mason,	 Mouillot,	 Lee,	 &	
Wilson,	 2005;	 Villéger,	Mason,	&	Mouillot,	 2008),	 and	 functional	
divergence	 (Mason	 et	 al.,	 2005;	 Villéger	 et	 al.,	 2008).	 Functional	
dispersion	 is	 the	 average	 distance	 of	 each	 species	 in	 functional	
trait	space	to	the	centroid	of	all	species	in	a	community	(Laliberté	
&	Legendre,	2010);	greater	functional	dispersion	 indicates	a	more	
functionally	 diverse	 community.	 Functional	 dispersion	was	 calcu-
lated	using	all	available	PCoA	axes	and	was	weighted	by	the	rela-
tive	CPUE	of	 each	 species.	 Functional	 richness	was	 calculated	 as	
the	 convex	 hull	 area	 of	 each	 community	 (Villéger	 et	 al.,	 2008),	




of	 axes	 that	 allows	 for	 the	 number	 of	 species	 to	 be	 greater	 than	
the	 number	 of	 traits	 (Villéger	 et	 al.,	 2008).	 Finally,	 functional	 di-
vergence	 describes	 the	 position	 of	 species	 relative	 to	 the	 border	
of	 the	 functional	 trait	 space	 (Villéger	et	al.,	2008)	and	provides	a	
measure	of	how	the	abundance	of	a	community	 is	distributed	to-
ward	 the	extremities	of	occupied	 trait	 space	 (Mason	et	 al.,	2012;	
Mouchet,	Villéger,	Mason,	&	Mouillot,	2010).	Functional	divergence	
approaches	zero	when	abundant	species	are	close	to	the	centre	of	
functional	 trait	 space	and	 it	approaches	one	when	abundant	spe-
cies	are	distant	from	the	centre	of	functional	trait	space	(Mouillot,	
Villéger,	Scherer-Lorenzen,	&	Mason,	2011).	Functional	divergence	

















lakes	 bordering	 versus	 outside	 TPAs.	 Significance	 was	 assessed	
at	α	=	0.01	to	account	for	multiple	comparisons.	Functional	diver-
sity	can	increase	with	species	richness	and	saturation	in	this	rela-
















for	 pairwise	 comparisons	 between	 lakes	 inside,	 outside,	 or	 border-
ing	TPAs.	Approximate	95%	confidence	 intervals	 for	 the	differences	
between	pairs	of	smooth	functions	were	then	generated	and	plotted	
(Rose	et	al.,	2012);	areas	where	the	confidence	interval	overlaps	zero	
indicates	 no	 pairwise	 difference	 in	 smooth	 functions	 between	 lake	
categories.
We	used	the	FD	(Laliberté	&	Legendre,	2010;	Laliberté,	Legendre,	







Fishes	 of	 the	 Leuciscidae	 family	 (formerly	 Cyprinidae;	 Tan	 &	
Armbruster,	 2018)	 were	 the	 most	 prevalent	 family	 among	 the	
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TA B L E  2  Species	captured	across	study	lakes	and	their	thermal	preference	group	(Coker	et	al.,	2001)	and	average	maximum	total	length	
(TL;	cm)	of	the	top	5%	of	individual	fish	captured	per	species	after	removing	the	top	2%
Genus Species Common name Spp. code Thermal group TL
Acipenser fulvescens Lake	sturgeon LaStu Cold/cool 90.8
Alosa pseudoharengus Alewife Ale Cold 19.7
Ambloplites rupestris Rock	bass RoBa Cool 21.4
Ameiurus natalis Yellow	bullhead YeBul Warm 32.9
Ameiurus nebulosus Brown	bullhead BrBul Warm 31.2
Amia calva Bowfin Bow Warm 63.4
Catostomus catostomus Longnose	sucker LnSuc Cold 46.5
Catostomus commersonii White	sucker WhSuc Cool 53.5
Chrosomus eos Northern	redbelly	dace NoRD Cool/warm 7.9
Coregonus artedi Cisco Cisco Cold 34.1
Coregonus clupeaformis Lake	whitefish LaWhi Cold 54.5
Cottus bairdii Mottled	sculpin MoScu Cold 7.5
Cottus cognatus Slimy	sculpin SlScu Cold 7.4
Cottus ricei Spoonhead	sculpin SpScu Cold 8.1
Couesius plumbeus Lake	chub LaCh Cold 12.0
Culaea inconstans Brook	stickleback BrSt Cool 4.7
Cyprinus carpio Common	carp CoCar Warm 72.3
Dorosoma cepedianum Gizzard	shad GiSh Cool 16.5
Esox lucius Northern	pike NoPik Cool 82.8
Esox masquinongy Muskellunge Musk Warm 86.3
Etheostoma exile Iowa	darter IoDar Cool 6.0
Etheostoma nigrum Johnny	darter JoDar Cool 6.2
Fundulus diaphanus Banded	killifish BaKil Cool 7.2
Gasterosteus aculeatus Threespine	stickleback ThrSti Cold 5.5
Hiodon alosoides Goldeye Gold Warm 44.6
Hiodon tergisus Mooneye Moon Cool/warm 28.6
Ictalurus punctatus Channel	catfish ChCat Warm 72.8
Labidesthes sicculus Brook	silverside BrSil Cool/warm 7.3
Lepisosteus osseus Longnose	gar LnGar Warm 109.5
Lepomis cyanellus Green	sunfish GrSun Warm 13.6
Lepomis gibbosus Pumpkinseed Pump Warm 17.6
Lepomis macrochirus Bluegill Blue Warm 18.1
Lepomis peltastes Northern	sunfish NoSun Warm 13.6
Lota lota Burbot Burb Cold/cool 55.4
Luxilus cornutus Common	shiner CoShi Cool 13.1
Margariscus nachtriebi Northern	pearl	dace NoPD Cold/cool 8.5
Micropterus dolomieu Smallmouth	bass SMB Warm 44.0
Micropterus salmoides Largemouth	bass LMB Warm 33.6
Moxostoma anisurum Silver	redhorse SiRed Cool 57.2
Moxostoma macrolepidotum Shorthead	redhorse ShRed Warm 50.2
Moxostoma valenciennesi Greater	redhorse GrRed Cool/warm 51.0
Myoxocephalus thompsonii Deepwater	sculpin DeScu Cold 9.5
Notemigonus crysoleucas Golden	shiner GoShi Cool 14.5
Notropis atherinoides Emerald	shiner EmShi Cool 8.9
(Continues)
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No	 significant	 differences	 were	 found	 in	 the	 relationship	 be-
tween	functional	richness	and	species	richness	or	functional	diver-
gence	 and	 species	 richness	 across	 pairwise	 comparisons	 of	 lakes	
that	border	TPAs,	are	inside	TPAs,	or	are	outside	TPAs	(Figures	S1	
and	 S2).	 In	 contrast,	 significant	 differences	 were	 observed	 in	 the	
relationships	 between	 functional	 dispersion	 and	 species	 richness	
(Figure	 3a);	 lake	 communities	 outside	 TPAs	 showed	 significantly	
greater	functional	dispersion	than	lake	communities	bordering	TPAs	
at	species	richness	levels	<12	and	significantly	lower	functional	dis-




Species	 that	were	 captured	 in	 the	 greatest	 number	 of	 lakes	 had	
the	least	distinct	(β	=	−0.55	±	0.10	SE; t = −5.51,	p <	0.001;	Figure	4a)	
and	least	unique	(β	=	−0.14	±	0.05	SE; t = −2.65,	p =	0.01;	Figure	4d)	
ecological	 niches.	 Similarly,	 large-bodied	 species	 were	 less	 distinct	
(β	=	−1.13	±	0.30	SE; t = −3.74,	p <	0.001;	Figure	4b)	than	small-bodied	
species,	but	there	was	no	significant	pattern	observed	between	unique-
ness	and	body	size	(β	=	−0.09	±	0.16	SE; t = −0.59,	p =	0.56;	Figure	4e).	
Bridle	 shiner	 Notropis bifrenatus	 (Leuciscidae),	 threespine	 stickleback	
Gasterosteus aculeatus	 (Gasterosteidae),	and	green	sunfish	Lepomis cy‐
anellus	 (Centrarchidae)	 showed	 the	 highest	 average	 functional	 rarity	
across	rarity	measures	(i.e.	uniqueness	and	distinctiveness;	Figure	5)	and	
were	clustered	on	 the	negative	end	of	 the	 first	 functional	 trait	 space	
axis	(Figure	2).	Bridle	shiner	and	green	sunfish	were	only	sampled	inside	
Genus Species Common name Spp. code Thermal group TL
Notropis bifrenatus Bridle	shiner BrShi Cool 5.8
Notropis heterodon Blackchin	shiner BcShi Cool/warm 6.5
Notropis heterolepis Blacknose	shiner BnShi Cool/warm 6.7
Notropis hudsonius Spottail	shiner SpShi Cold/cool 9.4
Notropis rubellus Rosyface	shiner RoShi Warm 6.6
Notropis stramineus Sand	shiner SaShi Warm 8.8
Notropis volucellus Mimic	shiner MiShi Warm 6.4
Oncorhynchus mykiss Rainbow	trout RaTro Cold 38.5
Oncorhynchus tshawytscha Chinook	salmon ChSal Cold 82.7
Osmerus mordax Rainbow	smelt RaSm Cold 14.9
Perca flavescens Yellow	perch YePer Cool 22.9
Percina caprodes Logperch Log Cool/warm 8.1
Percopsis omiscomaycus Trout-perch TrPer Cold 9.2
Pimephales notatus Bluntnose	minnow BnMin Warm 7.3
Pimephales promelas Fathead	minnow FaMin Warm 7.7
Pomoxis nigromaculatus Black	crappie BlCra Cool 24.7
Prosopium cylindraceum Round	whitefish RoWh Cold 36.7
Pungitius pungitius Ninespine	stickleback NiSti Cold 6.0
Rhinichthys atratulus Blacknose	dace BnDac Cool 4.7
Rhinichthys cataractae Longnose	dace LnDac Cool 7.3
Salvelinus fontinalis Brook	trout BrTro Cold 43.3
Salvelinus namaycush Lake	trout LaTro Cold 72.5
Sander canadensis Sauger Saug Cool 37.9
Sander vitreus Walleye Wall Cool 64.2
Semotilus atromaculatus Creek	chub CrCh Cool 17.7
Semotilus corporalis Fallfish Fall Cool 42.4
Umbra limi Central	mudminnow CeMud Cool/warm 9.1
Note:	Temperatures	defining	the	thermal	groups	are;	cold	(<19°C),	cool	(19–25°C),	and	warm	(>25°C)	with	cold/cool	and	cool/warm	species	having	
thermal	preferences	that	straddle	the	boundaries.
TA B L E  2   (Continued)
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TPAs	 and	 were	 rare	 (average	 CPUE:	 0.003	 and	 0.076,	 respectively),	
whereas	threespine	stickleback	was	only	sampled	in	a	single	lake	border-
ing	TPAs	(CPUE:	0.250).	In	contrast,	trout-perch	Percopsis omiscomaycus 
(Percopsidae),	 cisco	Coregonus artedi	 (Salmonidae),	 and	 lake	whitefish	
Coregonus clupeaformis	(Salmonidae)	showed	the	lowest	functional	rarity	
(Figure	5)	and	were	clustered	on	the	positive	side	of	the	first	component,	
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|t| 0.23 1.02 0.30
p-value 0.82 0.31 0.77
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near	 the	origin	 (Figure	2).	Trout-perch,	 cisco,	 and	 lake	whitefish	were	
among	the	most	abundant	species	and	occurred	across	all	 lake	types.	
There	were	no	significant	differences	 in	uniqueness	or	distinctiveness	
across	thermal	preference	groups	(distinctiveness:	F4,66	=	0.90,	p = 0.47; 
uniqueness:	F4,66	=	0.20,	p =	0.94;	Figure	4c,f).
4  | DISCUSSION
Similar	 to	 results	based	on	 taxonomic	 indices	 (Chu	et	al.,	2018),	we	
found	few	differences	in	functional	diversity	of	lake	fish	communities	
inside,	bordering,	or	outside	TPAs.	Of	the	differences	we	did	find,	our	
results	 indicated	that	 lake	 fish	communities	 inside	TPAs	had	greater	
functional	 divergence	 than	 communities	 outside	 TPAs,	 regardless	
of	 species	 richness.	This	 result	 indicates	 that,	on	average,	 abundant	
species	in	fish	communities	inside	TPAs	had	more	extreme	(i.e.	diver-
gent)	 trait	values	 than	abundant	species	outside	TPAs.	According	 to	
the	principle	of	limiting	similarity	(MacArthur	&	Levins,	1967),	species	
with	limited	functional	overlap	with	the	rest	of	an	assemblage	should	
increase	 in	abundance	within	TPAs	because	 they	are	 less	 limited	by	
competition	 than	 species	 with	 common	 functions.	 For	 example,	
Mouillot,	 Culioli,	 Pelletier,	 and	 Tomasini	 (2008)	 observed	 increases	
in	the	abundance	of	functionally	original	 fishes	after	protection	of	a	
reserve	 in	 the	Mediterranean	Sea.	 In	our	 study,	 the	 abundance	dis-





TPAs	 than	outside.	The	 greater	 abundances	 of	 generalist	 species	 in	























We	also	 found	differences	 in	 functional	 dispersion	between	 lake	
communities	bordering	versus	outside	TPAs,	where	 in	 the	most	spe-
ciose	 lakes	 (>12	 species),	 functional	 dispersion	 was	 higher	 among	
fish	communities	 in	 lakes	bordering	TPAs	compared	to	those	outside	
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trait	values,	which	are	abundant	inside	TPAs	are	spilling	over	(e.g.	from	
marine	reserves;	Roberts,	Bohnsack,	Gell,	Hawkins,	&	Goodridge,	2001)	
in	 to	hydrologically	connected	 lakes	bordering	TPAs	 leading	to	 these	
patterns,	but	this	hypothesis	has	yet	to	be	tested	directly.











difficult.	 Finally,	our	 results	 confirmed	expectations	 that	 the	most	











TPAs	 (OMNR,	2011)	 less	noticeable	or	only	obvious	 if	and	when	
stresses	 (e.g.	 forestry	 or	 industrial	 development)	 outside	 TPAs	
increase.	 Second,	 differences	 in	 functional	 diversity	may	 not	 be	
detectable	as	a	result	of	our	study	design.	Pairing	lakes	based	on	
ecologically	relevant	abiotic	characteristics	allowed	us	to	examine	









between	 lake	 communities.	We	 found	 that	 the	 smallest	 species	






weighted	 diversity	 metrics,	 but	 running	 our	 analysis	 with	 pres-
ence–absence	data	did	not	change	our	results.
Functional	similarity	of	fish	communities	inside	and	outside	TPAs	
suggests	 that	 lakes	 within	 designated	 TPAs	 capture	 representative	
samples	of	 lake	 fish	diversity	 and	 the	 services	 these	 fishes	provide.	









rarity	 and	 thermal	 preference	 in	 Ontario	 lake	 fishes.	 However,	 we	
found	that	small-bodied	species	showed	the	greatest	functional	rar-
ity	 and	 large,	 common	species	 showed	 the	most	 average	 functional	
niches.	Of	 the	21	species	 in	Ontario	 listed	 for	protection	under	 the	
federal	Canadian	Species	at	Risk	Act	(Government	of	Canada	2002)	as	
Special	Concern,	Threatened,	Endangered,	or	Extirpated,	nine	(~43%)	













richness,	 and	 no	 difference	 in	 functional	 divergence	 in	 protected	
streams	 in	Borneo.	This	was	driven	by	 the	presence	of	 several	 en-
demic,	specialist	species	in	streams	within	protected	areas,	which	is	
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